The present study aims to investigate the corrosion characteristics of copper commonly encountered in the spark ignition (SI) engine fuel system with Malaysian bioethanol and gasoline blends. Static immersion tests in E0 (gasoline), E10 and E85 were carried out at room temperature for 1320 h. Mechanical, physical and chemical properties of copper was investigated before and after immersion tests. Investigations were carried out on change in morphological properties using optical microscope; change in chemical structure using FTIR; change in mass and volume by weight loss measurement; hardness changes using universal hardness tester; and change of chemical properties of the fuel blends using total acid number titration method. The test results showed that corrosion of copper was increased with the high concentration of ethanol in the blends.
Introduction
Biofuels (bioethanol and biodiesel) has gained progressive importance as alternative fuel for automobiles because they can significantly reduce environmental pollution and dependence on fossil fuel [1] . Bioethanol represent an important renewable fuel for gasoline engines without any engine modification to replace the usage of fossil fuels [2] . However, changes in the fuel composition and the introduction of alternative fuels often create material compatibility issues in terms of corrosion and the degradation of the automobile parts.
The presence of water and oxygen content in the ethanol will contribute to degradation in the automobile parts of the fuel system in the form of corrosion [3] . In gasoline engines, fuel comes into contact with a wide variety of engine parts including fuel pump, gaskets, fuel injector, filters, carburetor, fuel liners, bearing, piston, piston rings, etc. Among them, copper alloy based parts like fuel pump; bearing, bushing, etc. are mostly affected by the fuel [4] . These may give rise to potential problems such as interaction with metal surfaces and at the same time, degradation of fuel properties.
It has been suggested that copper, aluminum, zinc, brass and bronze are not compatible with biodiesel [4] [5] [6] 13] . Very limited research is found the corrosion behavior of copper and its alloy in bioethanol and gasoline blends [7] . The objective of this research to investigate the corrosion characteristics of Copper in Malaysian Bioethanol and Gasoline blends to find the suitability of bioethanol for Malaysia vehicles.
Materials and Methods
The test specimen of copper (40 mm length × 25mm width × 3 mm thickness) as in Fig.1 A and B were made from flat plate by machining and grinding. For hanging the specimen into fuels, a hole of diameter 3.5 mm was drilled near the edge of the specimen. The test bioethanol was prepared by mixing 80% lab grade denatured commercial ethanol and 20% bioethanol produced from sago bark waste [8] . The unleaded gasoline was obtained from shell Malaysia to get the blends E10 (10% test bioethanol and 90% gasoline) and E85 (85% test bioethanol and 15% gasoline) for static immersion test. Immersion test in E0 (100% gasoline), E10 and E85 blends were carried out for 1320 h. The properties of fuel blends taken for experiments were given in Table 1 .
The blends were kept in the sealed screw glass bottles which was prepared just before the experiment in order to prevent reaction of ethanol with water vapor (as in Fig. 1 C) . Before immersion test, the specimen were polished with silicon carbide abrasive papers, then washed and degreased with penetrating fluid WD-40. These were then dipped into 10% sulfuric acid at room temperature for 30 minutes followed by washing in deionized water.
The physical, mechanical, chemical behavior of copper before and after immersion test were characterized by (a) photomicrograph through optical microscope; (b) corrosion rate (mpy) = {W×534/ D×A×T} where corrosion rate 'mpy' stands for mils (0.001 inch) per year, W is the weight loss (mg), D is the density (g/cm 3 ), A is the exposed surface area (square inch) and T is the exposure time (h) by taking the weight loss; (c) hardness using Rockwell hardness tester and; (d) chemical structures using Fourier transform infrared spectroscopy (FTIR). Furthermore, physical and chemical characteristics of the fuel blend after immersion test was also determined by (a) total acid number (TAN) using titration method; (b) changes of pH value and; (c) color change of the fuel. Results and discussion Fig. 2 shows the surface morphology of copper before and after immersion tests for 1320 h in bioethanol blended gasoline fuel at room temperature (25 to 30°C). It was observed that copper in higher bioethanol blends (E85) were subjected to higher number of localized pitting corrosion compared to that of gasoline fuel (E0). Size and distribution of the pits were also different (as in Fig.2 ). Further investigation showed that no extensive corrosion damage or pitting generally occurred in gasoline fuel (E0). Hence, the number and dimensions of the pit increased with increasing ethanol content. The pit morphology and mechanism of pitting seem to depend on the relative concentrations of both positive and negative ions in oxygen rich bioethanol blend. This was explained by Mankowski et al. [9] that copper in oxygen atmosphere forms oxygen rich CuO/CuCO 3 in the outer layer followed by Cu 2 O in the inner layer. On bioethanol exposed copper surface, pits are more likely to form by replacing oxygen ions from Cu 2 O through destruction of CuO layer from other surface.
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Higher magnification of the pit area as seen in E85 shows the pits that are available in the oxide layer. It was pointed out that the growth of oxide layer may occur by metal moving outwards or oxygen inwards [10] . Based on the observations, that chemical reaction between metal samples and bioethanol is the key process in the corrosion reaction, which causes dissolution of metal during pitting corrosion. Table 2 show the corrosion rate of copper after immersion test. It was observed that all the tested samples shows increase of corrosion rate especially in E85. However, there was a slight drop of corrosion rate among all the metal samples exposed under E10 and E0. Corrosion rates at E85 for copper peaked at 0.720 mpy after immersion for 1320 h. Increasing concentration of water in the ethanol fuel is an important factor contributing to increased corrosion rate of copper. Geller et al. [11] reported that copper is considerably disposed to corrosion as observed by weight loss through pitting and deposits covering the surface. Table 3 shows the hardness of copper before and after immersion test. A slight increment was noticed in copper hardness after 1320 hours of immersion test. It was noted that higher bioethanol blend contributed to strengthening of the metal. This effect was related to the absorption of the fuel blends into the test specimen which is usually softened whilst immersed and hardens once dry as reported by Orbital Australia Pt. Ltd [12] . Fig. 3 shows FTIR spectra for copper evaluated before and after long period immersion test for 1320 h in E85. In the FTIR analysis, when the metal sample show reduced transmission peak (off-peak data line), the absorption of IR light by the material is increased which is indicated by increase of peak level (% absorption) in the data line. This material shows increased transmission band (weak absorption) at 3741 cm -1 and 3851 cm -1 after immersion due to volume shrinkage of the 124 Materials Science and Mechanical Engineering oxide layer CuO on the surface of the copper during formation of pitting corrosion as a result of process of replacing oxygen ions from Cu 2 O (inner layer) through destruction of CuO layer from copper surface [9] . In contrary, another possible explanation to reduced absorption peak of copper in E85 after immersion as indicated suggest that there is contraction and strengthening of the metallic bond in copper itself that attributed to the hardening of copper as reported. Table 4 shows the total acid number (TAN) values of fuel blends exposed to copper. It shows a significant increase after immersion test. This indicated that copper acts as a strong catalyst to oxidize bioethanol that attributed to the increase of acid concentration in the fuel blends. As a result, fuel blends that were exposed to copper undergone increase in corrosion rate as supported by results for 1320 h. TAN does not directly measure the rate of oxidation, but it merely measures the by-product of oxidation of the fuel blends as a result of corrosion behavior of the metal samples that are exposed to them. The increase of TAN in the fuel blend was due to the increment of by-products of oxidation.
In overall, the permissible limit for TAN number of 0.08 mg KOH/g as recommended by World Wide Fuel Charter for ethanol-diesel blends were exceeded in both sets of immersion test. This may be due to presence of impurities in ethanol that have led to degradation of fuel systems. Therefore, fuel ethanol must have a specification to control its acidity and its blending properties.
There was no such variation in pH value of fuel blend before and after test which remains constant at 5 to 6. The color variation of test fuel as shown in Fig. 4 
Conclusion
The fuel blends with higher bioethanol increases the water content and hence increases the presence of oxygen molecules. It was concluded that the corrosiveness of bioethanol and gasoline blend on copper have increased with the concentration of bioethanol. But compared to palm biodiesel [5, 13] bioethanol has better material compatibility. It was found that the usage of E10 blend is considered feasible in terms of materials compatibility. It was suggested that use of inhibitors and additives has to be developed for higher blends (E85) to control the corrosion rate. Also, suggestions were proposed to have specification control over the acidity and blending properties of bioethanol to be used in Malaysian vehicles.
